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Abstract

In this article we describe the current status and conservation of interior (potamodromous) Redband Trout
Oncorhynchus mykiss sspp. throughout its range in the western United States using extant data and expert opinion
provided by fish managers. Redband Trout historically occupied 60,295 km of stream habitat and 152 natural
lakes. Currently, Redband Trout occupy 25,417 km of stream habitat (42% of their historical range) and 124 lakes
or reservoirs. Nonhybridized populations are assumed to occupy 11,695 km (46 %) of currently occupied streams;
however, fish from only 4,473 km (18%) have been genetically tested. Approximately 47 % of the streams occupied
by Redband Trout occur on private land, 45% on government lands, and 8% in protected areas. A total of 210
Redband Trout populations, occupying 15,252 km of stream habitat (60% of the current distribution) and 95,158
ha of lake habitat (52%), are being managed as ‘‘conservation populations.” Most conservation populations have
been designated as weakly to strongly connected metapopulations (125; 60% ) and occupy much more stream length
(14,112 km; 93%) than isolated conservation populations (1,141 km; 7%). The primary threats to Redband Trout
include invasive species, habitat degradation and fragmentation, and climate change. Although the historical
distribution of interior Redband Trout has declined dramatically, we conclude that the species is not currently at
imminent risk of extinction because it is still widely distributed with many populations isolated by physical barriers
and active conservation efforts are occurring for many populations. However, the hybridization status of many
populations has not been well quantified, and introgression may be more prevalent than documented here. We
recommend (1) collecting additional genetic data and estimating distribution and abundance by means of a more
rigorous spatial sampling design to reduce uncertainties, (2) collecting additional information to assess and predict
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the impacts of climate on populations, and (3) continuing to use this database to evaluate the status of Redband

Trout and inform conservation efforts through time.

Rainbow Trout Oncorhynchus mykiss are one of the most
widely distributed and diverse groups of native salmonids in
western North America. Although the taxonomic nomencla-
ture for this species remains unresolved, patterns of genetic
diversity show major genetic differences between coastal and
inland groups, representing major phylogenetic divisions
within the species and among inland groups (Allendorf 1975;
Behnke 1992; Stearley and Smith 1993; Currens et al. 2007,
2009; Blankenship et al. 2011; Pearse et al. 2011). Native
Rainbow Trout occurring west of the Cascade Range and the
Sierra Nevada are currently classified as coastal Rainbow
Trout O. mykiss irideus, whereas Rainbow Trout occurring
east of these mountain ranges are classified as Redband Trout.
Behnke (1992) identified three subspecies of Redband Trout:
(1) Columbia River Redband Trout O. mykiss gairdneri, which
occur in the Columbia and Fraser rivers; (2) northern Great
Basin and Upper Klamath Lake Redband Trout O. mykiss new-
berrii; and (3) Sacramento Redband Trout O. mykiss stonei,
which occur in the Pit and McCloud rivers. Similarly, Currens
et al. (2009) found the greatest evolutionary divergence
among Redband Trout groups in three major river basins: the
upper Sacramento, Klamath, and Columbia rivers. Currens
et al. (2007) suggested that Redband Trout be segregated into
at least four groups: (1) Columbia River populations, O.
mykiss gairdneri; (2) populations from Goose Lake, the
Warner Lakes, and the Chewaucan Basin, which are evolu-
tionarily closest to O. mykiss stonei; (3) populations from
Upper Klamath Lake and the upper Klamath River (the type
location of O. mykiss newberrii), and (4) an unnamed subspe-
cies in the headwaters of the upper Klamath basin and coastal
Klamath Mountain populations. Populations from other iso-
lated pluvial lake basins in Oregon appear to be evolutionarily
closest to O. mykiss gairdneri or could not be unambiguously
assigned to one of the above groups. Genetic and morphologi-
cal data suggest that these major evolutionary groups warrant
subspecies recognition (Allendorf 1975; Berg 1987; Behnke
1992; Stearley and Smith 1993; Currens et al. 2009).

Redband Trout have persisted for millennia in a dynamic
landscape that has undergone tremendous geological and
hydrological changes from volcanism, continental glaciation,
periodic major flooding associated with glacial Lake Missoula,
and the formation and desiccation of large pluvial lakes (Cur-
rens et al. 2009). Their historical distribution spans six states
in the United States (Nevada, California, Oregon, Washington,
Idaho, and Montana) and encompasses a wide array of habi-
tats, ranging from the Finlay River drainage in northern British
Columbia, south to desert streams in arid regions of northeast-
ern California and northern Nevada and pluvial lake basins in

Oregon (hereafter, Closed Oregon Basins), and east to mon-
tane streams in the headwaters of the Columbia River drainage
in Montana and Idaho. Differences in climatic regimes and
habitat conditions across this broad geographic area are
reflected in the patterns of genetic diversity (Blankenship et al.
2011) and likely resulted in the adaptation of Redband Trout
populations to differing local environments (Narum et al.
2010, 2013). For example, many desert populations exhibit
physiological tolerances to elevated stream temperatures and
intermittent flows (Gamperl et al. 2002; Rodnick et al. 2004;
Cassinelli and Moffitt 2010; Narum et al. 2010), and some
populations in the upper Klamath and Columbia River basins
appear to be resistant to infection from Ceratomyxa shasta, a
myxosporean parasite that infects salmonids (Buchanan et al.
1983; Currens 1997; Atkinson and Bartholomew 2010).
Redband Trout exhibit two major life histories, anadromous
(steelhead) and potamodromous. Potamodromous Redband
Trout exhibit a wide variety of life history strategies in fresh-
water systems, including migratory (i.e., fluvial and adfluvial)
and resident forms. Adfluvial Redband Trout migrate from
lakes to tributaries for spawning and rearing, a good example
being the Kamloops Rainbow Trout (Gerrards) of Kootenay
Lake, British Columbia. Fluvial Redband Trout occupy large
rivers and spawn in smaller tributaries. Resident forms inhabit
smaller tributaries and headwater areas for their entire lives. In
this paper, we confine our analysis to potamodromous Red-
band Trout populations that are outside the current range of
steelhead (hereafter referred to as interior Redband Trout),
relying on the knowledge of barriers to anadromy to define the
potential range for the allopatric form (Thurow et al. 1997).
Over the past century, many populations of Redband Trout
have experienced large reductions in their distribution relative
to their historically occupied habitats, primarily owing to habi-
tat degradation, habitat fragmentation, and nonnative species
introductions (Williams et al. 1989; Thurow et al. 1997,
2007). Widespread introductions of nonnative salmonids, pri-
marily coastal Rainbow Trout, eastern Brook Trout Salvelinus
fontinalis, and Cutthroat Trout O. clarkii sspp., have been
especially detrimental to native populations because of inten-
sive competition and widespread hybridization (Behnke
1992). As a result of declines in distribution, abundance, and
genetic diversity, the interior Redband Trout is currently con-
sidered a species of special concern by the American Fisheries
Society (Williams et al. 1989) and the U.S. Fish and Wildlife
Service in most states in the historical range and is classified
as a sensitive species by the U.S. Forest Service and Bureau of
Land Management. In 1994, the Kootenai River Redband
Trout in northern Idaho was petitioned for listing under the
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U.S. Endangered Species Act (ESA), but the petition was dis-
missed because there was insufficient information with which
to identify the Kootenai River population as a distinct popula-
tion segment. A petition was also made for the Redband Trout
populations occupying the Catlow, Fort Rock, Harney, Warner
Lakes, Goose Lake, and Chewaucan basins of eastern Oregon
in 1997, but this petition too was denied. Concerns about the
persistence of steelhead populations in the interior Columbia
River basin have resulted in several listings under the ESA.
However, potamodromous forms were not included in the final
listings because there was insufficient information about the
distinction between steelhead and resident Redband Trout. As
a result, only the anadromous form (and, by coincidence, sym-
patric resident populations) receive direct protection and bene-
fits from conservation planning under the ESA. Because of the
exclusion of potamodromous populations, there was strong
impetus for state, federal, tribal, and nongovernmental agen-
cies to conduct a consistent and comprehensive rangewide sta-
tus assessment for interior Redband Trout to inform
conservation management and recovery programs.

Thurow et al. (2007) published an initial review of the his-
torical and current distributions and status of Redband Trout
(circa 1996) in the U.S. portion of the interior Columbia River
basin and portions of the Klamath River and Great Basins.
Their assessment considered (1) Redband Trout that evolved
in sympatry with steelhead and (2) allopatric forms that
evolved outside the historical range of steelhead, and it used
data compiled from surveys and the expert opinions of biolo-
gists at a subwatershed scale. During the past 16 years, a sub-
stantial amount of new information on the distribution and
status of Redband Trout has emerged across their current
range in the United States. More data are now available, and
usually at a much finer spatial resolution (i.e., the reach-level
hydrologic scale) than that used by Thurow et al. (2007) in
their review. However, prior to our work these data had not
been synthesized into a comprehensive review. Therefore, in
2012 we convened teams of fisheries professionals represent-
ing state, federal, and tribal agencies as well as nongovern-
mental organizations in a series of workshops to conduct a
consistent and comprehensive rangewide status assessment for
interior Redband Trout in the United States. The information
derived from these workshops was compiled to identify the
historically occupied range, current distribution, and genetic
status and to assess risks for resident Redband Trout through-
out their current range.

In this article, we provide a rangewide status assessment for
interior Redband Trout in the United States using extant data
and expert opinion. Our objectives were to (1) estimate the his-
torical (circa 1800) distribution of interior Redband Trout out-
side the current range of steelhead; (2) determine the current
distribution of interior Redband Trout using a spatially explicit
analysis; (3) identify populations that managers are currently
conserving; and (4) evaluate the threats to these populations.
The overall goal of this review is to provide consistent and

current information on the status of and conservation efforts
for interior Redband Trout that will help managers conserve
these fish.

AREA OF ANALYSIS

The area of analysis included the likely historical range
(circa 1800) of interior Redband Trout occurring in major river
basins of the United States that do not support anadromous
fishes (Figure 1), including the middle and upper Columbia
River basins, the Kootenai—Pend Oreille—Spokane basin, the
Snake River basin, the Oregon Closed Basins, the Klamath—
northern California coast basins, the Sacramento basin, and
the north Lahontan basin. The assessment did not include the
Canadian portions of the Redband Trout distribution, with the
exception of a few streams that flow from the United States
into Canada and then back into the United States. The infor-
mation was partitioned into and is reported by 4th-level (8-
digit) hydrologic units (HUCs).

METHODS'

In the winter of 2012, we convened 93 fisheries professio-
nals from state, federal, and tribal agencies and nongovern-
mental organizations in 13 regional workshops to compile
information on interior Redband Trout. Additionally, 15 geo-
graphical information system (GIS) and data management spe-
cialists participated in the workshops to facilitate the entry,
display, and verification of data. Data at the stream-reach scale
were entered into a GIS database using ArcGIS (version 10.0)
and compiled by 4th-level HUCs using the 1:24,000 scale
National Hydrography Dataset (NHD) as the basis for storing
hydrographical and Redband Trout attribute information. A
total of 69 4th-field HUCs were attributed and analyzed, each
completed in “real time” during the workshop to which it was
assigned. Standardized data protocols were modeled after
those established for several other inland trout species (May
et al. 2003; May and Albeke 2005; Shepard et al. 2005), com-
monly referred to as the Inland Cutthroat Trout Protocol
(ICP), and were consistently applied by all workshop partici-
pants under the guidance of a common workshop facilitator.
As of 2014, the database is housed at the Washington Depart-
ment of Fish and Wildlife and may be accessed through a for-
mal request.

The information used for the assessment was primarily
empirical in nature but based on both sampled data and the
professional judgment of field biologists (Table 1; see the Sup-
plement in the online version of this article for details). Infor-
mation sources were identified and linked to ranked levels of
reliability to qualify information quality (May and Albeke
2005). Information associated with judgment calls and

'An extensive supplement to this article is available in the online
version.
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FIGURE 1. Map delineating the distribution of interior Redband Trout (A) throughout their range and (B)—(D) in major geographic regions in the western

United States. The colored lines indicate the estimated historical range and genetic status (see legend). [Color figure available online.]
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TABLE 1.

Kilometers of streams and rivers occupied (number of individual segments in parentheses) by major river basin and types of information sources

used to estimate the current distribution of interior Redband Trout in the western United States.

Information source

Professional judgment ~ Minor Major Percentof  Stream  Percent

River basin Anecdotal or ocular sampling sampling Unknown empirical length (km) of total
Kootenai—Pend 157 (9) 1 (0) 831 (46) 756 (42) 43 (2) 89 1,789 7.0

Oreille—Spokane
Upper Columbia 3(0) 8 (0) 66 (3) 151 (7) 1,885(89) 10 2,114 8.3
Upper Snake 72 (5) 0 1,018 (66) 383 (25) 80 (5) 90 1,553 6.1
Middle Snake 701 (6) 206 (2) 4,358 (37) 1,907 (16) 4,627 (39) 53 11,800 46.4
Lower Snake 130 (10) 0 945 (74) 81 (6) 123 (10) 80 1,279 5.0
Middle Columbia 955 (41) 186 (8) 1,016 (44) 121 (5) 27 (1) 49 2,306 9.1
Oregon Closed Basins 879 (34) 134 (5) 945 (36) 513 (20) 142 (5) 56 2,613 10.3
Klamath—northern 11 (1) 168 (16) 726 (68) 154 (14) 4 83 1,062 4.2

California coast
Sacramento 67 (8) 14 (2) 586 (69) 0 176 (21) 69 843 33
North Lahontan 11 (18) 0 24 0 44 (77) 4 57 0.2

anecdotal sources was viewed as less reliable than information
obtained via sampling surveys and studies that had undergone
analysis and review. As in other applications of this approach,
this assessment relied on existing information, and therefore
sampling was not random and in many cases not spatially
independent. As a result, there are undoubtedly biases inherent
in the information.

Barriers.—Fish passage barriers were identified as loca-
tions (specific points) on the NHD stream layer and attributed
within the ICP database. Barriers of historical significance
were coded differently from barriers identified as only influ-
encing the current distributions of Redband Trout. Historical
barriers were primarily waterfalls and high-gradient cascading
stream sections that would have prevented the invasion of
upstream reaches by Redband Trout. Contemporary barriers
include anthropogenic features such as culverts, dams, water
diversions, and other features that were judged to have a sig-
nificant influence on Redband Trout movement.

Historical and current distributions.—The estimated histor-
ical distribution of Redband Trout at the time of European
expansion into the western United States (circa 1800) was
based on four factors: (1) the known geological barriers to fish
movement; (2) the physical and hydrologic ability of a stream
to support Redband Trout; (3) historical accounts; and (4)
recent information on Redband Trout occurrence. The primary
determinant of the historical distribution of Redband Trout
was the presence of geological features (e.g., waterfalls and
high-gradient cascade stream segments) that would have pre-
cluded fish occupancy above a specific point. In other instan-
ces, habitat limitations such as small stream size, high stream
gradient, and insufficient streamflow were judged to have lim-
ited the historical distribution. In some cases, historical deter-
minations were based on specific information (e.g., historical

journals, diaries, natural history reports, and other historical
documents).

We delineated the current distribution of Redband Trout
using site-, reach-, stream-, and lake-specific information and
professional judgment as to the presence of Redband Trout.
Only wild, self-sustaining populations of Redband Trout were
included in the analysis. The spatial resolution of the informa-
tion varied. Consequently, site information was sometimes
expanded to entire streams and in other cases was applied to
specific stream reaches. A standard set of population and habi-
tat characterizations, including genetic status, fish stocking,
the presence of nonnative fish species, Redband Trout density,
habitat quality, and life history forms (resident, fluvial, and
adfluvial; see the Supplemment for details) was made for each
stream or stream reach (segment) and lake. Each currently
occupied lake was treated as a single independent habitat
segment.

The NHD data set was created in a consistent and structured
manner (http://nationalmap.gov/standards/nhdstds.html).
However, due to differences in geographic and ecological
location and/or individual differences between personnel and
base data, there may be some variability between the lengths
of the individual stream reaches (termed the “ReachCode”
level in the NHD database) within each 4-level HUC. We
assessed the relative sensitivity of the occupancy data to the
variation in reach lengths inherent in the NHD and the poten-
tial differences associated with different groups of professio-
nals (i.e., attendees at the regional workshops) using a
bootstrapped resampling approach in which several different
proportional subsamples of both currently and historically
occupied habitats were selected. We created an algorithm
within Program R (R Development Core Team 2013) that ran-
domly selected, without replacement, a set of stream reaches
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from the available 4-digit HUC data sets and then calculated
the proportion of historical habitat currently occupied by Red-
band Trout. This process was repeated for 1,000 iterations for
nine different levels of subsampling (from 10% to 90% of the
data in 10% intervals) of all historically occupied stream
reaches. Means and 95% confidence intervals were estimated
for the proportion of currently occupied habitats, assuming a
normal distribution.

Fish stocking and the presence of nonnative fish species.—
Available records of fish stocking and species surveys were
reviewed and the resulting information was included for each
stream segment or lake in the current distribution of Redband
Trout. The focus of this review was on nonnative fish species
that have the potential to hybridize or compete with native
Redband Trout, including Coastal Rainbow Trout, Brown
Trout Salmo trutta, Brook Trout, Lake Trout Salvelinus
namaycush, native Westslope Cutthroat Trout O. clarkii lew-
isi, other subspecies of Cutthroat Trout, and several other
cool- and warmwater fish species.

Genetic status.—Genetic status determinations were based
on genetic testing or likely sympatry with potentially hybridiz-
ing species, primarily introduced Coastal Rainbow Trout.
Hybridizing fish could also include subspecies of Cutthroat
Trout that have been introduced into habitats outside of their
historic ranges. Streams occupied by Redband Trout were
classified by hybridization status based on genetic testing,
coexistence with potentially hybridizing species, or best pro-
fessional judgment. Genetic information was available for
approximately 450 sites. Genetic status was assigned to each
existing population by biologists at workshops and entered for
each stream segment and lake. In many cases, genetic sam-
pling was not random because it occurred in streams thought
to contain Redband Trout or with fish that phenotypically
appeared to be Redband Trout. Consequently, the available
genetic information did not represent a random sample from
the populations throughout the entire distribution of Redband
Trout.

Streams that were genetically tested and determined to sup-
port populations with less than 1% introgression were consid-
ered “unaltered.” Streams that were determined to support
populations with 1% or greater introgression were considered
introgressed. Streams were deemed to contain a “mixed stock”
when genetic testing revealed that a portion of the stock con-
sisted of nonhybridized individuals that occurred in sympatry
with individuals with varying levels of introgression, particu-
larly in larger streams and rivers. When genetic data were not
available, we used stocking records and the occurrence
of potentially hybridizing species with Redband Trout to clas-
sify the likelihood of introgression (Shepard et al. 2005).
Redband Trout were classified as “suspected unaltered” in
streams for which stocking records and field surveys indicated
the absence of potentially hybridizing species, whereas they
were classified as “potentially altered” if any information
indicated that potentially hybridizing species had ever been
present. The lengths of stream occupied by each genetic
category were summarized and the spatial distributions were
displayed.

Habitat quality.—To assess habitat quality within the esti-
mated current distribution of Redband Trout, stream segments
were given a quality rating based on a number of habitat char-
acteristics: pool quality and quantity, substrate conditions (per-
cent fines and substrate composition), mean summer water
temperature, instream cover, riparian habitat conditions (shad-
ing), streamflow, and other important habitat features. Biolo-
gists classified each stream segment as being in excellent,
good, fair, or poor condition. Three physical habitat character-
istics were then identified from a predetermined list of refer-
ence conditions that best described the evidence justifying the
quality determinations (Table 2; Supplement). Habitat quality
was not rated for lake environments.

Abundance.—We attempted to classify the densities of sex-
ually mature Redband Trout (number of sexually mature fish
per kilometer) for each currently occupied stream segment and
lake (Schill et al. 2010). All fish >150 mm in small streams

TABLE 2. Quality reference conditions for interior Redband Trout habitat. Three attributes were selected to support the excellent/good and fair/poor classifica-

tions for each stream reach.

Rating
Attribute Excellent/good Fair/poor Reference(s)
Fine sediment <15% (desert) >25% Meyer et al. 2010; Mubhlfeld et al. 2001
<7% (montane)
Gravel/cobble/boulder >50% <50% Meyer et al. 2010; Muhlfeld et al. 2001
Mean summer water temperature 10-16°C <10°C, >16°C Meyer et al. 2010; Raleigh et al. 1986
Pool or resting habitat (% of total area) 35-60% <35%, >60% Raleigh et al. 1986; Overton et al. 1995;
Muhlfeld et al. 2001
Midday shade >25% <25% Raleigh et al. 1986
Bank stability >90% <T75% Overton et al. 1995
Channel gradient 2-5% >5% Meyer et al. 2010; Muhlfeld et al. 2001
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(<4th order) and >250 mm in large streams (>4th order) were
considered sexually mature. Redband Trout densities were
classified as 0-35, 36-100, 101-250, 251-625, 626-1,250,
and >1,250 fish/km as well as unknown.

Conservation populations.—Redband Trout populations
currently being managed with an emphasis on conservation
were identified as “conservation populations” based on their
genetic, life history, or unique ecological or phenotypic char-
acteristics (Shepard et al. 2005). Individual stream segments
(currently occupied streams or lakes) that support Redband
Trout and met at least one of the above conservation criteria
were designated as conservation populations, with the poten-
tial to be aggregated in an individual stream or as part of a
larger conservation metapopulation (sensu Hanski and Gilpin
1991). Aggregation of streams and/or lakes depended on con-
nectivity among segments, suggesting that genetic exchange
among local populations was likely occurring in both the
upstream and downstream directions throughout the entire
metapopulation. Where there are barriers to fish migration
between stream segments, fish managers subdivided these
stream segments into discrete, isolated populations. The infor-
mation about each designated conservation population was
summarized according to the number of subpopulations and
the amount of stream and lake habitats occupied. Managers
did not identify conservation populations in portions of the
middle Snake River basin, including the Burnt and Powder riv-
ers (Oregon) and the Weiser River (Idaho), due to incomplete
knowledge of these watersheds or lack of time.

For each conservation population, a specific determination
was made as to the primary reason for that designation. Core
conservation populations were those with the highest potential
for being genetically unaltered. This category included popu-
lations that had been genetically tested and found to be unal-
tered as well as populations that had not been tested but that
were located in streams or lakes in which potentially hybridiz-
ing fish had not been stocked and were not present. Other clas-
sifications included populations having a known or probable
unique life history (e.g., lacustrine—adfluvial or lacustrine out-
let spawning), populations exhibiting an ecological adaptation
to extreme environmental conditions (e.g., temperature, alka-
linity, pH, or sediment), and subpopulations or habitat seg-
ments that included both nonintrogressed and introgressed
individuals in a single conservation unit.

Conservation population vulnerability index.—We devel-
oped a conservation population vulnerability index (CPVI) to
assess the status and threats to persistence of the individual
Redband Trout conservation populations. Risks were classified
as biotic, demographic, or abiotic using nine factors known to
influence population viability, habitat quality, and future resil-
ience (Table 3). Relative importance weights were applied to
the different factors, and the results were combined into com-
posite scores (Figure 2). This approach provided a flexible
structure with which to evaluate the relative vulnerability of
populations at any spatial scale of interest.

Biotic risks included hybridization with nonnative species,
the introduction of species without the potential for hybridiza-
tion, and disease. Hybridization risk was assessed in terms of
the co-occurrence of Redband Trout with any nonnative spe-
cies or subspecies capable of crossing with them. This risk
depended primarily on the distance between the location of
interest and those of such nonnative species as well as on the
existence of barriers that would preclude contact with the con-
servation population (Table 3; Table S.31 in the online supple-
ment). Introduced fish species without the potential for
hybridization with Redband Trout were enumerated and
ranked based on the number of such species co-occurring with
each conservation population (Table 3). The diseases of con-
cern were ones that could have severe negative effects on pop-
ulation health, including (but not limited to) whirling disease,
furunculosis, and infectious pancreatic necrosis. As with the
risk of hybridization, the risk of disease depended primarily
on the distance to sources of disease and the existence of bar-
riers to transmission (Table 3; Table S.32).

Demographic risks were assessed using measures of popu-
lation connectivity (the number of occupied streams), popula-
tion extent (the length of occupied streams), and life history
diversity (the number of life history forms present; Table
S.28). Abiotic risks were assessed using measures of habitat
quality, the number of land-use practices in the area of interest
(Table S.30), and the proportion of protected land in each
stream network occupied by each conservation population.
Because habitat quality was measured at individual streams,
the habitat score was calculated as the mean stream values
(Table S.17) weighted by stream length. If all of the stream
habitat values applicable to the conservation population were
unknown, the mean values for all streams within the 4th-level
were used as a proxy. To calculate the proportions of protected
land, streams were assigned to one (or more) land stewardship
classes: protected (wilderness), managed (federal and state),
and private. The proportions of the streams flowing through
each of the classes were then multiplied by weighting factors
(protected = 1, managed = 0.5, and private = 0) and summed
to determine the class membership of the streams. Both empir-
ical evidence and professional judgment were used to rank
these risks. For several indicators risk data were unavailable
for portions of some habitats occupied by conservation popu-
lations: hybridization (data unavailable for 4.7%), disease
(37%), habitat quality (18.9%), land use (5%), and the pres-
ence of nonnative species (15.9%). For these missing data, we
used the mean estimates of the indicators within each 8-digit
HUC.

RESULTS

Historically and Currently Occupied Habitats

We estimated that interior Redband Trout historically occu-
pied 60,295 km of stream habitat and 152 lakes and that they
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TABLE 3. Risks assigned to populations of resident Redband Trout within the western United States designated as conservation populations, by risk category.

Risk category Degree of risk Risk attribute Conservation significance
Biotic risks
Hybridization Low Hybridizing species cannot interact with existing Hybridization and introgression with
Redband Trout population because a complete nonnative salmonids are among
passage barrier is in place or hybridizing fish the leading factors in declines of
are not present in the same or any adjacent native resident Redband Trout.
drainages.

Introduced species

Disease

Medium-low Hybridizing species are in the same stream, a
drainage farther than 10 km from Redband
Trout population, or both, but not in same
stream segment as Redband Trout or within
10 km where a barrier currently exists (though
that barrier may be at risk of failure).

Medium-high Hybridizing species are in the same stream or a
drainage within 10 km of the Redband Trout
population and no barrier exists, or both;
however, hybridizing species are not yet found
in the same stream segment as the Redband
Trout population.

High Hybridizing fish are sympatric with the Redband
Trout population.
Low Threats minor (0 nonnative species) Introduced species negatively impact

native populations through
predation, competition,
hybridization, disease, and
parasites.

Medium-low Nonnatives present in watershed, but the chance
of spreading is low (1 nonnative species)

Medium-high Nonnatives present in watershed, and the chance
of spreading is moderate (2 nonnative species)

High Nonnatives present in watershed, and the chance
of spreading is high (>2 nonnative species)

Low Significant diseases and the pathogens that cause Nonnative pathogens and parasites
them have very limited opportunity to interact can infect Redband Trout and
with an existing Redband Trout population. reduce their populations.
Significant diseases and pathogens are not
known to exist in stream or watershed.

Medium-low Significant diseases, pathogens, or both have been
introduced, identified, or both in the stream, a
drainage farther than 10 km from the Redband
Trout population, or both but not in same
stream segment as the Redband Trout or within
10 km where barriers exist (though the barriers
may be at risk of failure).

Medium-high Significant diseases, pathogens, or both have been
introduced, identified, or both, in the same
stream, a drainage within 10 km of the
Redband Trout population, or both, and no
barriers exist.

(Continued on next page)
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TABLE 3. Continued.

Risk category Degree of risk Risk attribute

Conservation significance

High Significant disease, pathogens, or both and
disease-carrying species are sympatric with
Redband Trout in the same stream segment.

Demographic risks

Occupied habitat consists of numerous (>5)

individual streams and potential

subpopulations are strongly networked.

Population connectivity Low

Medium-low Occupied habitat consists of a few (4-5) streams
and potential subpopulations are moderately
networked.

Medium-high Occupied habitat consists of 2-3 streams and
potential subpopulations are weakly

networked.
High Population isolated to a single stream or segment
of stream, usually due to a barrier.
Population extent Low At least 75 km of connected habitats; good

connectivity

Medium—low >25 and <75 km of connected habitats
Medium-high >10 and <25 km of connected habitats

High <10 km of connected habitats; poor connectivity
Life history diversity ~ Low All four life history forms (resident, fluvial,
adfluvial, and lacustrine—adfluvial) present
Medium—low Three life history forms present
Medium-high Two life history forms present
High Only one life history present
Abiotic risks
Habitat quality Low Stream habitat has the majority of attributes
reflecting optimal conditions
Medium—low Stream habitat has a few attributes that are
slightly less than ideal
Medium-high Stream habitat has more attributes that are less
than ideal
High Most stream habitat attributes reflect inferior
conditions
Land use Low No land use

Medium—low 1-2 types of land use

Hydrologic connectivity provides
more available habitat and
facilitates expression of multiple
life histories and genetic
exchange, which increases the
likelihood of persistence.

Small populations are more
susceptible to stochastic events,
thereby increasing their
vulnerability to extirpation.

Loss of life history forms,
particularly migratory forms,
increases the risk of extirpation
and loss of genetic diversity.

Habitat conditions are a primary
determinant of population
persistence (see Table 2 for details
on habitat attributes).

Increased land use (e.g., timber
harvest, grazing, mining, dams,
etc.) reduces habitat quality
quantity.

(Continued on next page)
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TABLE 3. Continued.

Risk category Degree of risk

Risk attribute

Conservation significance

Medium-high 3—4 types of land use
High >4 types of land use

Land ownership Low

>30% of watershed in protected status

Watersheds with higher proportions
of protected lands support higher
quality habitat than do other lands.

Medium-low >15% and <30% protected
Medium-high >1% and < 15% protected

High <1% protected

currently occupy 25,417 km of stream habitat (~42% of their
historical distribution) and 124 lakes/reservoirs within the
western United States (Figure 1; Tables 4, 5). Of the currently
occupied habitat, 238 km of streams (1% of the total) and 92
lakes (74%) occur outside of historically occupied habitat.
The estimated historical ranges of stream habitat by state were
21,556 km in Idaho (36%), 19,839 km in Oregon (33%),
10,598 km in Washington (18%), 4,606 km in California
(7%), 2,606 km in Nevada (4%), 1,067 km in Montana (2%),
and 23 km in Canada (the stream habitat in Canada was
included to maintain the continuity of a single stream). Red-
band Trout currently occupy 11,016 km of stream habitat in
Oregon (43% of the current distribution), 8,928 km in Idaho
(35%), 2,828 km in Washington (11%), 1,301 km in Nevada
(5%), 788 km in Montana (3%), 534 km in California (2%),
and 21 km in Canada. Of the 10 major river basins (4-digit
HUC) occupied by Redband Trout, the Middle Snake River
basin supports the majority of stream length (46%; Table 1).
Many of the stream segments (44%) currently occupied by
Redband Trout are relatively small (<4 m wide; Table 5). A
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Sy + + +
T @ | Introduced Land use
£ 8 species. practices
E A w=0.15 W=0.33
© + + T
Disease Land
ownership | ooy Toga)
W,=0.05 w,=0.33 SEoks
Weighted
CPVI Group 1-4 = 1-4 = 1-4 = 312
Scores
FIGURE 2. Schematic of the conservation population viability index (CPVI)

used to assess the risks to Redband Trout conservation populations. The CPVI
uses nine variables, which are divided into three general categories (biotic,
demographic, and abiotic risks; see Table 3 for details). Each indicator is
scored from 1 (very good) to 4 (poor), for a total of 12 possible points. [Color
figure available online.]

total of 286 historical barriers (primarily waterfalls and cas-
cades) and 561 contemporary barriers (primarily culverts and
dams) were identified within the current distribution of Red-
band Trout. Nearly all (>99%) of Redband Trout occupying
streams are of aboriginal origin (i.e., not introduced by
humans).

Bootstrapped estimates of the proportion of historical habi-
tat currently occupied by Redband Trout suggest generally
low bias within and among the 4-digit HUCs (Figure 3). This
conclusion is supported by the fact that mean values (and their
associated confidence intervals) rapidly converged to the
observed ratio of currently to historically occupied stream hab-
itat within each HUC. For example, only 3 of the 10 geo-
graphic units (Kootenai—Pend Oreille—Spokane, Lower Snake,
and North Lahontan) did not converge to the observed ratio
until 40% or more of the data were included in the subsample.

Fish Stocking and the Presence of Nonnative Fish Species

Fish stocking was reported in 45% of the streams currently
occupied by Redband Trout and nearly all (98%) of the occu-
pied lakes. Coastal Rainbow Trout were the most commonly
stocked species, followed by Cutthroat Trout, Brook Trout,
and Brown Trout. Moreover, approximately 53% of currently
occupied stream segments were reported to have at least one
nonnative fish species present, 33% were reported to have no
nonnative species, and 14% were classified as unknown. Of
the currently occupied lakes, only 2% did not have any nonna-
tive species present, whereas 23% reportedly contained nonna-
tive fish; 75% were unknown. The nonnative fish coexisting
with Redband Trout were primarily Rainbow Trout, Cutthroat
Trout, Brook Trout, Brown Trout, and Smallmouth Bass
Micropterus dolomieu.

Genetic Status

As of 2012, genetic data were available for approximately
450 sites; these data were used to infer genetic status in
4,473 km (18%) of occupied streams (Figure 1; Table 4).
Genetic sampling produced no evidence of introgression in
samples from 1,930 km of stream length (8% of currently
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TABLE 4. Genetic classes used for assessing the hybridization status of interior Redband Trout and their relative occurrence in the western United States as

of 2012.
Stream Lake

Genetic class Km 9% Occupied Hectares 9% Occupied
Tested; unaltered 1,930 8 35,030 19
Tested; 1-10% introgressed 1,303 5 6,765 4
Tested; 11-20% introgressed 469 2 393 <1
Tested; >20% introgressed 637 3 1,621 <1
Suspected unaltered 9,765 38 43,691 24
Potentially altered 11,179 44 60,376 33
Mixed stock (altered and unaltered) 134 1 36,628 20
Totals 25,417 100 184,504 100

occupied streams). Redband Trout were suspected to be genet-
ically unaltered (but not tested) in approximately 9,800 km of
streams and were likely part of a mixed-stock population in
another 134 km. Thus, a maximum of 11,695 km (46%) of
currently occupied stream habitat supports genetically unal-
tered Redband Trout, and the maximum proportion of the

historical range still supporting genetically unaltered Redband
Trout is only 19%. Most of the stream length occupied by Red-
band Trout with no evidence of introgression occurred in the
Middle Snake (907 km; 47%) and Kootenai—Pend Oreille—
Spokane (576 km; 30%) basins. In contrast, no genetically
pure (tested) populations were identified in the Lower Snake
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FIGURE 3. Bootstrapped estimates (1,000 iterations without replacement) of the proportions of historical habitat currently occupied by Redband Trout in major
river basins (i.e., 4-digit HUCs). The dotted lines represent the total proportions (100% of the data) of currently occupied historical habitat.
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TABLE 5. Distribution of streams and rivers currently occupied by interior Redband Trout in the western United States, by estimated stream width.

Stream width (m)

Stream length <2 2-3 4-6 7-10 11-15 >15 Unknown Total
Kilometers 3,986 7,081 5,390 2,668 1,905 1,784 2,603 25,417
Percent 15.7 27.9 21.2 10.5 7.5 7.0 10.2 100

River and Lahontan basins and such populations were identi-
fied in only 9 and 10 km of stream habitat in the Sacramento
and Klamath—northern California coastal basins, respectively.
Additionally, genetic samples from approximately 35,000 ha
(19%) of occupied lake habitats were judged to be genetically
unaltered, and Redband Trout were suspected to be unaltered
(but not tested) in an additional 43,691 ha (24%) of lake habi-
tats. Lakes for which genetic testing found no evidence of
introgression in Redband Trout that were coexisting with
altered Redband Trout accounted for over 36,600 ha (20%) of
lake habitats.

Land Ownership and Habitat Quality

Of the over 25,000 km of stream length currently occupied
by Redband Trout, 8% was in protected areas (i.e., designated
wilderness areas, roadless areas, or national parks), 45% was
located within lands managed by government agencies, and
47% was in private lands (Figure 4).

Thirty-two percent of the stream habitat currently occupied
by Redband Trout was rated as being in either excellent (5%)
or good condition (27%), 34% was rated as being in fair condi-
tion, and 18% was rated as being in poor condition; no habitat
quality rating was done for 16% of the occupied lotic habitats.
The three most common habitat characteristics that led to the
good-to-excellent quality ratings were (1) mean summer water
temperatures within the optimum range of 10-16°C, (2) pool
habitats comprising 35-60% of the total stream habitat area,
and (3) adequate streamflow. The most common habitat char-
acteristics that resulted in fair-to-poor quality ratings were (1)
mean summer water temperatures exceeding 16°C, (2) fine
sediment composition greater than 25%, and (3) lack of stream
shading.

Abundance

No information was available for assessing Redband Trout
density for 40% (10,081 km) of currently occupied streams. In
stream segments for which estimates were available
(Figure 5), fish densities were low (0-100 fish/km) in 48%
(12,037 km) of currently occupied streams. Moderate fish den-
sities (101-625 fish/km) were reported for 2,690 km (10% of
currently occupied streams), and only 609 km (<3% of cur-
rently occupied streams) were classified as supporting high
densities (>626 fish/km). Abundance levels exceeded 2,500

individuals in 39% (72,460 ha) of currently occupied lakes.
No estimate of Redband Trout abundance was made for
107,488 ha (58%) of occupied lake habitat.

Conservation Populations

A total of 210 Redband Trout populations occupying
15,252 km of stream habitat (~60% of the current distribu-
tion) and 95,158 ha of lake habitats (~52%) are being man-
aged as conservation populations. Conservation populations
were widely distributed across the historical range of Redband
Trout in the western United States, occurring in 56 of the 69

Land Management
Status within
Resident Range:

—— Currently Occupied

— Cons. Population

Land Status
Managed
Protected

FIGURE 4. Map showing the current distribution of Redband Trout on
managed (by local, state, and federal management agencies) and protected
lands (e.g., those designated as wilderness areas, roadless areas, and national
parks) within each geographical management unit (GMU). [Color figure
available online.]
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FIGURE 5. Map showing the estimated abundance of sexually mature Red-
band Trout (number of sexually mature fish per kilometer) throughout their
range within the western United States. No information was available for pro-
jecting density for 40% (10,081 km) of currently occupied streams (red lines).
[Color figure available online.]

historically occupied river basins (Figure 4). Conservation
populations are widely distributed throughout the current
range of Redband Trout, occurring in 81% of the watersheds
analyzed, 60% of the streams, and 52% of the lakes. Individual
conservation populations occupied from 0.2 to 1,279 km of
lotic habitats (median = 18.9 km); however, the distribution
of stream lengths occupied by conservation populations was
skewed, with most populations occupying less than 20 km
(N = 113; 54%). Most (60%) of the designated conservation
populations were classified as weakly to strongly connected
metapopulations that occupied much more stream length
(14,112 km; 93%) than isolated populations (1,141 km; 7%;
Table 6). One conservation population occupied only lake
habitat and was not included in the CPVI assessment. Thirty-
four conservation populations, occupying 6,754 km of stream
length (44% of occupied stream length), were at high risk of
hybridization, but the risk of hybridization was low for 75 pop-
ulations occupying 2,519 km of stream length (17%). Low
risks stemmed from the fact that populations were isolated
upstream of fish passage barriers or hybridizing species were
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not present in the same or adjacent drainages. Of the over
15,000 km of stream length occupied by conservation popula-
tions, 9% was in protected areas, 46% was within lands man-
aged by government agencies, and 45% was on private land.

Of the 210 Redband Trout conservation populations, 49
(23%) were identified as core conservation populations
(Table 7). The other conservation populations included 48
(23%) that were included based on their unique life histories,
33 (16%) that were included based on mixed genetic makeup,
24 (11%) with unique environmental adaptations, and 1
(located in the upper Pit River drainage) that has unique color-
ation and spotting similar to that of Cutthroat Trout. Fifty-five
populations (26%) were placed in the “other” category.

The CPVI assessment suggested a broad range of risk for
the persistence of Redband Trout populations. The overall
mean CPVI (weighted by stream length) was 7.45 (Table 8;
minimum possible score = 3, maximum = 12). The individual
values ranged between 4.74 and 10.83. The areas of lowest
risk for the loss of Redband Trout are in watersheds located in
Oregon, Idaho, Washington, and northwestern Montana,
where higher-quality habitat and relatively intact populations
remain. In contrast, Redband Trout populations with relatively
high risks of extinction are found in subwatersheds generally
located at the fringes of their current distribution (including
portions of northern Idaho and Washington) and along the
southern margin of their historical range in northern Califor-
nia. The greatest risks to persistence for populations inhabiting
the Kootenai—Pend Oreille-Spokane, Sacramento, and upper
Columbia River basins were related to high demographic and
abiotic risks, while biotic risks were greatest in the Lower
Snake and portions of the Kootenai—-Pend Oreille-Spokane
River basins.

Habitat loss associated with land use and hybridization with
nonnative salmonids were identified as the primary risks to
designated conservation populations (Figure 6). Most of the
stream length occupied by conservation populations
(13,566 km; 89%) was classified as being at high risk owing
to the negative effects of land use (primarily grazing, logging,
roads, angling, and recreation), and most stream habitats
(62%) were rated at medium-high to high risk because of
degraded habitat quality conditions. Additionally, over 44%
(6,754 km) of the occupied stream length was rated as being
at high risk of genetic contamination because hybridizing spe-
cies were sympatric with Redband Trout conservation popula-
tions. In contrast, most stream habitats were generally rated as
being at low risk with respect to disease, population extent,
and connectivity.

Conservation, restoration, and/or management actions have
been taken, or are currently being taken, with respect to 165 of
the 210 conservation populations (79%), and many conserva-
tion populations (61%) have had more than one conservation
activity in at least part of their occupied lengths (Table 9).
Habitat restoration activities (e.g., channel restoration, culvert
replacement, bank stabilization, riparian fencing, and riparian
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TABLE 6. Numbers of isolated interior Redband Trout conservation populations and metapopulations (connected groups of subpopulations) in major river

basins and numbers of river kilometers occupied.

Isolates Metapopulations Total
River basin Number Km Number Km Number Km %
Kootenai—Pend Oreille-Spokane 17 152 22 1,587 39 1,739 114
Upper Columbia 17 128 16 1,605 33 1,733 10.9
Upper Snake 1 19 4 163 5 183 1.2
Middle Snake 10 277 29 3,545 39 3,822 25.1
Lower Snake 0 0 1 1,279 1 1,279 8.4
Middle Columbia 3 60 11 2,164 14 2,224 14.6
Oregon Closed Basins 16 282 12 2,187 28 2,469 16.2
Klamath—northern California coast 3 84 7 856 10 940 6.2
Sacramento 17 138 18 669 35 807 5.3
North Lahontan 0 0 5 57 5 57 04
Total 84 1,141 125 14,112 209 15,252
Percent 40 7 60 93

restoration) have been implemented for 107 of the conserva-
tion populations. Angling restrictions that are more stringent
than those for general angling (e.g., catch and release) have
been implemented for 31% of the conservation populations.
Projects to remove nonnative species by physical or chemical
means have been undertaken for about 5% of the conservation
populations.

DISCUSSION

Distribution

Our analysis differed in several ways from previous distri-
bution and status assessments of interior Redband Trout
(Thurow et al. 1997, 2007). First, previous estimates of occu-
pancy were based on watershed area, and Redband Trout were
considered present in the entire subwatershed if they occurred
anywhere in it. In contrast, we delineated potential historical
and current distributions at a much finer reach or site scale
(i.e., 1:24,000) based on updated hydrography (NHD) and

advanced mapping tools (i.e., ArcGIS). Thus, our analysis
likely yielded more accurate and precise estimates of historical
and contemporary distributions and status. Second, although
previous status assessments only included Redband Trout pop-
ulations within the interior Columbia River basin and portions
of the Klamath River and Great basins, we expanded the geo-
graphic domain of our assessment to include the historical
range of the subspecies in the western United States, including
areas in northern California and Nevada. Third, we incorpo-
rated a significant amount of new information that has
emerged over the 16 years since the last Redband Trout distri-
bution and status synthesis was completed (Thurow et al.
2007). Finally, we employed a standardized data management
and analysis protocol (i.e., ICP) that has been applied to sev-
eral other species of inland trout in the western United States
(May et al. 2003; May and Albeke 2005; Shepard et al. 2005),
which improves the documentation, consistency, and continu-
ity for this and future assessments.

Although interior Redband Trout appear to be widely dis-
tributed in the western United States, we estimated a decline

TABLE 7. Numbers of isolated interior Redband Trout conservation populations and metapopulations in major river basins and numbers of river kilometers

occupied, by rationale for designation.

Isolates Metapopulations Total

Rationale for designation Number Km Number Km Number Km

Core conservation population 26 362 23 1,324 49 1,686
Ecological adaptation 13 259 12 1,773 25 2,032
Unique life history 15 158 33 4,135 48 4,292
Mixed genetic makeup 10 143 23 4,684 33 4,827
Other 20 220 34 2,196 54 2,415
Total 84 1,141 125 14,111 209 15,252
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TABLE 8. Results of the conservation population vulnerability index (CPVI) assessment for interior Redband Trout in the United States, summarized by river
basin. Primary risk components (biotic, demographic, and abiotic) were used to calculate values for each major river basin, disaggregated by state. Lower values

indicate lower risk, higher values higher risk (see Table 3 for scoring details).

Mean (SD)
State/country River basin Stream km CPVI Biotic risk ~ Demographic risk ~ Abiotic risk
California North Lahontan 57.3 7.33(0.5) 2.22(0.1) 2.76 (0.6) 2.35(0)
Oregon Closed Basins 5.3 6.13 (0) 1.0 (0) 2.8 (0) 2.33(0)
Sacramento 450.3 8.27(0.8) 2.27(0.7) 3.21 (0.7) 2.79 (0.4)
Canada Kootenai—Pend Oreille-Spokane 21.6 8.01 (0) 3.86 (0) 1.2 (0) 2.96 (0)
Idaho Kootenai—Pend Oreille-Spokane 262.4 8.38(1.5) 2.52(1.1) 2.96 (0.9) 2.9 (0.8)
Lower Snake 1,279.0 7.26 (0) 3.71 (0) 1.2 (0) 2.35(0)
Middle Snake 2,437.6 7.14(0.9) 2.14(1.1) 2.7 (0.8) 2.3(0.4)
Upper Snake 62.6 7.73(1.5) 2.51(0.4) 2.85 (1.0) 2.37(0.2)
Montana Kootenai—Pend Oreille—Spokane 771.0 724(1.2) 2.43(1.3) 2.31(1.2) 2.5(0.5)
Nevada Middle Snake 275.4 6.2 (0.5) 1.63 (0.4) 2.33(0.9) 2.23(0.2)
Oregon Closed Basins 3.3 6.13 (0) 1.0 (0) 2.8 (0) 2.33 (0)
Upper Snake 120.2 5.8(0.4) 1.88 (0.1) 1.8 (0.6) 2.12 (0.1)
Oregon Klamath—northern California 940.0 6.37(1.3) 1.37(0.4) 2.1(0.9) 2.9 (0.3)
Middle Columbia 2,223.6 7.59(0.9) 2.83(1.1) 2.14 (1.0) 2.63 (0.4)
Middle Snake 1,109.3 749 (0.9) 2.53(0.5) 2.17 (0.9) 2.79 (0.2)
Oregon Closed Basins 2,460.0 7.43(0.8) 1.82(0.8) 2.95 (1.0) 2.66 (0.3)
Sacramento 356.9 8.2 (0.9) 2.18 (0.1) 3.13 (1.1) 2.88 (0.3)
Washington Kootenai—Pend Oreille-Spokane 759.8 8.85(1.0) 2.6(1.0) 3.18 (0.9) 3.07 (0.4)
Upper Columbia 1,656.8 7.72(0.9) 1.8(0.8) 3.22(0.9) 2.69 (0.6)

of 58% in historically occupied stream habitats. Introductions
of nonnative species, habitat degradation, and habitat fragmen-
tation were identified as the primary factors influencing the
current distribution and status of interior Redband Trout, a
finding that is consistent with previous status and distribution
assessments for this subspecies. For example, Thurow et al.
(2007) estimated that allopatric Redband Trout occupied 40%
of their potential historical range in portions of the Columbia
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FIGURE 6. Relative extinction risks of Redband Trout populations by stream
length (km) for the nine CPVI factors (see Table 3 for details). [Color figure
available online.]

River basin and portions of the Klamath River and Great
Basins using watershed areas, a finding similar to ours based
on stream length (42%). Declines were more pronounced near
the southern (California, Nevada, and southeastern Oregon)
and northern (Washington) areas at the fringes of the historical
range of Redband Trout in the United States.

Substantial reductions in the historical range of occupied
habitats have also been reported for several other inland trout
native to the western United States. For example, Gresswell
(2011) estimated that Yellowstone Cutthroat Trout currently
occupy 42% of their historical distribution, and May and
Albeke (2005) reported a 65% decline for Bonneville Cut-
throat Trout O. clarkii utah. Shepard et al. (2005) estimated
that the historical distribution of Westslope Cutthroat Trout
has declined 40%. In an extreme case, Hirsch et al. (2006)
estimated that the Colorado River Cutthroat Trout O. clarkii
pleuriticus only occupies 13% of its historical range.

Genetic Status

Nearly half of currently occupied stream length was
assumed to support core (<1% introgressed) Redband Trout
populations. However, genetic data were available for only
18% of currently occupied streams and 23% of lakes. Because
of this and the relatively high potential for hybridization with
nonnative salmonids (particularly hatchery-origin Rainbow
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TABLE 9. Numbers and percentages (based on the 210 populations that were evaluated) of Redband Trout conservation populations in the western United
States that have been subject to various types of conservation, restoration, and management actions as of 2012.

Conservation action Number Percentage
Angling regulations 66 314
Bank stabilization 52 24.8
Barrier construction 6 2.9
Barrier removal 38 18.1
Channel restoration 57 27.1
Chemical removal of competing—hybridizing species 7 33
Culvert replacement 46 21.9
Diversion modification 28 13.3
Fish ladder installation 14 6.7
Fish screen installation 24 114
Grade control 14 6.7
Instream cover habitat 29 13.8
Irrigation efficiency 11 5.2
Land-use mitigation direction and requirements 87 41.4
Physical removal of competing—hybridizing species 4 1.9
Pool development 30 14.3
Population restoration or expansion 1.0
Population supplementation 1 0.5
Public outreach (interpretive site) 19 9.0
Refounding of pure population 3 1.4
Riparian fencing 65 31.0
Riparian restoration 71 33.8
Spawning habitat enhancement 12 5.7
Water lease—flow enhancement 16 7.6
Watershed under protective management 46 21.9
Woody debris addition 44 21.0

Trout), the actual genetic status of interior Redband Trout is
probably less certain than these data suggest.

The majority of stream length occupied by core populations
was located in the Middle Snake (47%) and Kootenai—Pend
Oreille-Spokane (30%) River basins, suggesting that these
areas are a priority for the conservation of Redband Trout pop-
ulations. As of 2012, core populations had not been docu-
mented in the Lower Snake River or Lahontan basins. These
findings, however, are likely correlated with the amount of
stream habitat for which genetic testing has been conducted.
For example, as of 2012 no genetic data were available for
Redband Trout populations in the Lower Snake River basin.

Fish managers have identified several habitat characteristics
that are important to Redband Trout across a variety of habi-
tats, ranging from desert streams in arid landscapes to forested
montane streams. Mean summer water temperature, stream-
flow, habitat complexity, substrate composition, and stream
shading have all been identified as important factors in deter-
mining habitat quality. In desert streams, several studies have
shown that stream-shading bank cover and stability, substrate
composition, and habitat connectivity are important habitat
features in the distribution and abundance of Redband Trout

(Zoellick 1999, 2004; Zoellick et al. 2005; Zoellick and Cade
2006; Meyer et al. 2010). Water temperature, which has direct
effects on the physiology, behavior, and ecological interac-
tions of Redband Trout (Cassinelli and Moffitt 2010; Feldhaus
et al. 2010; Kammerer and Heppell 2013), has been identified
as an important determinant of habitat quality across a wide
range of environmental conditions, especially in hot, arid
rangeland basins. In desert streams, the occurrence and bio-
mass of Redband Trout have been strongly associated with
shaded reaches of streams with less solar radiation, cooler
stream temperatures, and abundant pools (Li et al. 1994; Zoel-
lick 1999, 2004; Tate et al. 2007; Meyer et al. 2010). In mon-
tane streams, the distribution and abundance of Redband Trout
has been positively related to the abundance of deep pools
with complex cover and negatively related to stream gradient
(Muhlfeld 2002; Muhlfeld et al. 2001a, 2001b; Meyer et al.
2010).

Land Ownership and Habitat Quality
Most of the stream and lake habitats currently occupied by
Redband Trout occur on private lands or lands managed by
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governmental agencies. The relatively small amount of habitat
located in protected areas (8% of the total occupied) will likely
serve as refugia for population strongholds and future restora-
tion and recovery efforts. The long-term persistence of Red-
band Trout will largely depend on local, state, federal, tribal,
and nongovernmental agencies and private land owners work-
ing collectively to develop and implement conservation and
restoration programs across large landscapes.

Threats

Habitat degradation, habitat fragmentation, nonnative spe-
cies introductions, and climate change were identified as pri-
mary threats to existing populations of Redband Trout. Land
and water use practices have degraded aquatic habitats and
severed the connections between aquatic habitats that are nec-
essary for the long-term persistence of Redband Trout. Exten-
sive translocations of nonnative species have displaced and
caused extensive hybridization with native Redband Trout
populations in many watersheds. Compounding the effects of
these stressors is climate change, which is expected to increase
water temperatures, modify hydrologic regimes, and increase
disturbance events throughout the western United States
(Wenger et al. 2011), likely putting many populations at fur-
ther risk of decline and extirpation (Williams et al. 2009;
Haak et al. 2010a).

Our data suggest that the introduction and expansion of
nonnative species have negatively influenced the status and
distribution of interior Redband Trout. Extensive stocking of
nonnative fishes for management purposes has resulted in the
coexistence of nonnative fishes with native Redband Trout in
over 50% of streams and nearly all lakes and reservoirs. Inva-
sions and translocations of exotic species have led to major
changes in native biological communities (Vitousek et al.
1997; Rahel 2000) and have been a primary contributor to spe-
cies extinctions in freshwater ecosystems (Miller et al. 1989;
Rhymer and Simberloff 1996; Mooney and Cleland 2001)
through competition, predation, hybridization, disease, and
parasites (Krueger and May 1991; Mooney and Cleland 2001).

Introductions of nonnative salmonids (primarily hatchery
Rainbow Trout) have resulted in extensive hybridization
across the historical range of interior Redband Trout and pose
an imminent threat to many remaining populations. We found
that widespread introduction of nonnative Rainbow Trout
throughout the historical range of Redband Trout has resulted
in the expansion of hybridization and in many cases to the irre-
versible replacement of native populations with hybrid
swarms. Hybridization between native trout and introduced
salmonids is an increasing concern for conservation and legal
assessments for many species, including many native trout
species in the western United States (Allendorf et al. 2001,
2005). In trout, hybridization can reduce fitness through out-
breeding depression due to the disruption of coadapted gene
complexes and the erosion of local adaptations (Rhymer and

Simberloff 1996; Muhlfeld et al. 2009) and cause genomic
extinction (Allendorf et al. 2001). Furthermore, habitat modi-
fication (Allendorf et al. 2001) and climate warming often
exacerbate the effects of hybridization (Muhlfeld et al. 2014).
Therefore, hybridization is likely to become more serious as it
interacts with increasing anthropogenic land use, global cli-
mate change, and the introduction of nonnative species, sug-
gesting that further declines in native genetic diversity are
likely for Redband Trout.

Hybridization resulting from translocations of hatchery-ori-
gin Rainbow Trout and nonnative Cutthroat Trout has been
reported in several other studies throughout the range of Red-
band Trout (Small et al. 2007; Dambacher et al. 2009; Sim-
mons et al. 2010; Kozfkay et al. 2011; Neville and Dunham
2011). In Idaho streams, Neville and Dunham (2011) found
that several native Redband Trout populations have been
almost completely replaced with hatchery Rainbow Trout and
hybrid swarms, while others retained high genetic integrity
and could be prioritized for conservation. In the upper Snake
River basin in Idaho, Kozfkay et al. (2011) and Meyer et al.
(2014) found that the hybridization of Redband Trout with
hatchery Rainbow Trout was more prevalent in streams where
stocking had occurred but that Redband Trout were more
likely to be genetically unaltered in streams without such
stocking. In contrast, high levels of hybridization with nonna-
tive Cutthroat Trout were detected in only a few streams.
Knudsen et al. (2002) found that genetically unaltered Red-
band Trout populations only persist above natural barriers
(i.e., waterfalls) in the upper Kootenai River drainage in Mon-
tana and Idaho. Hybridization with nonnative Rainbow Trout
is a pervasive threat to all inland extant subspecies of Cut-
throat Trout in western North America and has contributed to
the extinction of two Cutthroat Trout subspecies (Behnke
1992).

By virtue of their effects on habitat, agricultural practices,
grazing, water diversion, dams, mining, timber harvest, recrea-
tion, and road construction have been identified as leading
threats to interior Redband Trout. These anthropogenic activi-
ties have been shown to negatively impact trout habitats and
populations in lotic environments throughout the United States
by imposing barriers to migration and causing reductions in
streamflow, increased sedimentation, groundwater depletion,
increased water temperature, and the simplification of aquatic
habitats (Meehan 1991). Most of these activities have been
reported to occur on nonfederal lands at lower elevations
(Meehan 1991) but they are common across the current range
of Redband Trout except in protected areas. Low-elevation
streams have suffered from extensive agricultural and residen-
tial development. The construction and operation of dams, irri-
gation diversions, and other barriers to migration have isolated
populations and eliminated habitats that were previously avail-
able to migratory populations. The loss of migratory forms and
gene flow among populations reduces the long-term viability
of metapopulations (Rieman and Mclntyre 1995). Isolation of
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Redband Trout populations in headwater streams increases the
risk of extirpation due to demographic and environmental sto-
chasticity and the loss of genetic diversity.

Habitat modifications caused by various land and water use
practices have impacted interior Redband Trout populations
and habitats throughout their current range (Williams et al.
1989). In a study of the cumulative effects of riparian distur-
bance in high-desert streams in Oregon, Li et al. (1994) found
that watersheds with greater riparian canopy, lower daily max-
imum temperatures, and perennial flow had higher densities of
Rainbow Trout. Land development activities such as road con-
struction, logging, and grazing can alter substrate composition
and reduce the frequency and area of pools, which are critical
to Redband Trout in the headwaters of the Columbia River
basin in Montana and Idaho (Muhlfeld et al. 2001a, 2001b;
Muhlfeld 2002). Many desert populations of interior Redband
Trout are threatened by the degradation of stream and riparian
habitat and the increased water temperatures resulting
from grazing and agricultural practices (Zoellick 2004;
Zoellick et al. 2005; Zoellick and Cade 2006; Johnson and
Fite 2007; Bayley and Li 2008). Artificial barriers have iso-
lated many Redband Trout populations and eliminated habi-
tats that were previously available to migratory populations
(Thurow et al. 2007; Holecek et al. 2012; Holecek and
Scarnecchia 2013).

Although we did not assess the vulnerability of Redband
Trout to future climate change, several key indicators of popu-
lation risk identified in the CPVI assessment may be important
in assessing the resiliency of populations and their capacity to
adapt to environmental change associated with climate warm-
ing. Salmonids such as Redband Trout are especially vulnera-
ble to the effects of climate change in freshwater systems
because they require cold, connected, and high-quality habitats
free of nonnative salmonids; such habitats are easily frag-
mented by changes in thermal and hydrologic regimes and bio-
logical invasions. A number of bioclimatic models have
recently been developed for native trout in the western United
States, all of which forecast substantial reductions in suitable
habitat during the 21st century (Keleher and Rahel 1996;
Wenger et al. 2011; Isaak et al. 2012). These models all show
that as water temperatures continue to rise and exceed the
physiological thresholds of native trout populations, habitats
will likely become increasingly fragmented and fish will
retreat into cooler headwater streams. For example, using an
upper temperature threshold of 22°C as a constraint for cold-
water trout and char, Keleher and Rahel (1996) predicted that
an increase of 5°C in mean air temperature would reduce the
amount of thermally suitable salmonid habitat by 70% across
the Rocky Mountain region.

In the western United States, climatic trends and regional
climate models suggest that not only will stream habitats
become warmer, they will also become more variable in terms
of their thermal and hydrologic regimes; more susceptible to
stochastic disturbances such as flooding, wildfire, and drought;

and more prone to invasion by nonnative species. Wenger
et al. (2011) forecasted the climate warming effects of higher
temperatures, altered flow regimes, and interactions with non-
native species on four interacting species of trout and pre-
dicted about a 50% decline in total suitable trout habitat across
the interior western United States by 2080. Muhlfeld et al.
(2014) found that climate-induced increases in stream temper-
ature and periods of reduced spring precipitation accelerated
hybridization between native Westslope Cutthroat Trout and
nonnative Rainbow Trout. Thus, impending climate change
could directly or indirectly lead to greater habitat and popula-
tion fragmentation and hybridization, further accelerating the
decline of Redband Trout populations across the western
United States. However, we expect that such changes will not
be uniform across the range of Redband Trout given their
broad geographic distribution and adaptations to a wide vari-
ety of environmental conditions. Research is needed to better
assess the vulnerability of Redband Trout populations to future
climate warming (see below).

Conservation Populations

Fish managers have designated conservation populations
based on genetic integrity, unique life history traits, and eco-
logical adaptations. Conservation populations consist of genet-
ically pure, introgressed, and genetically untested populations.
Managers have emphasized the conservation of genetic integ-
rity by designating 49 core populations (23%), which encom-
pass about half of the stream length occupied by conservation
populations. Isolated populations account for 40% of the des-
ignated conservation populations, but these populations
occupy only 7% of the total stream length occupied by conser-
vation populations. These populations are generally at low risk
of introgression because they are isolated from potentially
hybridizing species by natural or artificial barriers. Con-
versely, we found that about half of the stream length occupied
by conservation populations supports populations with some
level of genetic introgression (>1%). In these cases, the con-
servation populations are likely part of a larger, interconnected
metapopulation that was designated to conserve migratory life
history characteristics (e.g., migratory forms) and unique eco-
logical adaptations (e.g., thermal tolerances). Conservation
populations that are part of weakly to strongly connected
metapopulations occupy much more stream length (93%) than
conservation populations that are isolated (7%). Genetic test-
ing was only conducted in 22% of the stream length occupied
by conservation populations.

Active conservation and restoration are occurring for many
populations of interior Redband Trout. Watershed and stream
habitat restoration activities (e.g., channel restoration, culvert
replacement, bank stabilization, riparian fencing, and riparian
restoration) have been implemented for a majority of conser-
vation populations. The mitigation of harmful forms of land
use through forest plans, regulations, permits, and agency
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coordination has been identified as an important conservation
action for many waters. Angling restrictions that are more
stringent than general angling regulations have been imple-
mented for over 30% of the conservation populations.

Surprisingly, projects to physically or chemically remove
nonnative species have taken place for only seven Redband
Trout conservation populations. Physical and chemical reha-
bilitation techniques have proven useful for eliminating or
reducing the impacts of invasive species on many native trout
species. We suspect that invasive species and genetic intro-
gression will continue to spread unless nonnative and hybrid
populations, especially those with large amounts of nonnative
genetic admixture, are reduced or eliminated.

We found that fish barriers are being used to isolate Red-
band Trout populations from the threats of genetic introgres-
sion, competition with and predation by nonnative fish, and
disease in only a few cases. Isolation by artificial barriers is
often used as a conservation strategy for native trout in small
headwater streams (Fausch et al. 2009). However, the isola-
tion of Redband Trout populations in small headwater habitats
may increase the risk of extinction due to demographic and
genetic stochasticity (Franklin 1980; Peterson et al. 2008).
Maintaining large areas of connected habitat is also an impor-
tant conservation strategy that has been identified by manag-
ers, with the goal of allowing Redband Trout to express all life
history traits and reducing stochastic environmental and demo-
graphic risks. However, this strategy will likely increase the
risk of introgression, competition with and predation by non-
native fish, and disease for some connected populations. Thus,
the difficult trade-offs in managing native Redband Trout by
creating barriers to upstream movement and providing large
connections of diverse habitats for life history expression will
require difficult and context-specific decisions (Peterson et al.
2008). Suppression and/or eradication of source populations in
headwater lakes will be necessary in cases where hybrid sour-
ces threaten downstream nonhybridized Redband Trout
populations.

We developed the CPVI to integrate complex assemblages
of ICP data into an easily digestible metric that managers can
use to make informed decisions about the management of indi-
vidual Redband Trout conservation populations. The CPVI
was based on a similar index, the conservation success index
(CSI; Williams et al. 2007), that included biotic, demographic,
and abiotic risks based on nine factors known to influence pop-
ulation integrity, habitat integrity, and potential future secu-
rity. A notable distinction between the CPVI and the CSI is in
the weighting of the individual metrics used to calculate the
indices. We chose to heavily weight the biotic risk score
because hybridization with nonnative salmonids was the great-
est threat to the persistence of Redband Trout in our assess-
ment. However, our CPVI framework is flexible and allows
managers to weight risks differently depending on the particu-
lar situation. The CPVI can be combined with additional data
(such as climate scenarios and proposed land management

modifications) as well as expert opinion to further inform man-
agement actions and prioritize the allocation of limited resour-
ces for Redband Trout conservation (Williams et al. 2009;
Haak et al. 2010b).

Our CPVI assessment generally indicated that peripheral
populations (those at the geographic edge of their range) are at
higher risk than populations in the core of their range. Simi-
larly, in analyzing the rangewide habitat loss of peripheral and
core populations of five Cutthroat Trout subspecies in the
western United States, Haak et al. (2010b) found that the more
isolated, peripheral populations experienced greater losses of
habitat. Peripheral populations have become increasingly valu-
able for the conservation of declining species because they
often maximize within-species genetic and ecological diver-
sity and retain their evolutionary legacy and genetic diversity,
thereby allowing for possible future adaptation to extreme
environmental pressures (Haak et al. 2010b), especially in the
face of accelerating human impacts and climate change.

Limitations and Future Work

We acknowledge the limitations of the database and the
inherent uncertainties of an assessment using expert opinion
and anecdotal information. We tested our results for biases
that may have been introduced by using expert opinion across
management areas and the sensitivity of the occupancy data to
the variation in reach lengths inherent within the NHD. Boot-
strapped estimates of the proportion of historical habitat cur-
rently occupied by Redband Trout indicate generally low bias
within and among geographic management units. We recom-
mend that future estimates of occupancy follow a more rigor-
ous spatial sampling design that incorporates estimates of
detection probabilities, sampling error, and the reliability of
presence/absence data across various geographic areas and
stream environments, at least for some areas within the histori-
cal range of Redband Trout.

Based on biologists’ assignment of genetic categories, we
inferred that approximately 450 sites have had some level of
genetic validation; however, data documenting the genetic
testing protocols (genetic testing methodology, number of fish
sampled, and number of diagnostic loci evaluated) and the
exact sampling locations were not available to us during this
assessment. Consequently, we could not fully evaluate the lim-
itations of these genetic data. We strongly recommend that
detailed genetic testing information be included in these types
of assessments and suggest that more genetic testing is needed
to confirm the genetic status of existing populations, especially
conservation populations.

Knowing the sample sizes (numbers of fish and diagnostic
loci) of genetic tests would allow one to test the statistical
power of each genetic sampling event. Recently developed
genomic techniques can identify and characterize thousands of
species-diagnostic markers to precisely estimate population-
and individual-level admixture so as to better understand the
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genetic status of native trout populations (Sprowles et al.
2006; Blankenship et al. 2011; Hohenlohe et al. 2011, 2013;
Amish et al. 2012). Such approaches are urgently needed for
Redband Trout. Once genetic sampling and analyses are well
documented, it will be possible to more precisely quantify
their genetic status in relation to the level of genetic testing.

Comprehensive assessments of regional climate trends and
population responses are needed to inform and predict the
impacts of changes in climate across the current range of Red-
band Trout. Additional population monitoring data combined
with high-resolution hydroclimatic data (e.g., stream tempera-
ture, streamflow, snowpack, precipitation, etc.) are needed to
evaluate how climate warming will influence the distribution,
abundance, phenology, and genetic diversity of Redband
Trout. For example, recent advances in the geostatistical
modeling of stream systems have greatly improved tempera-
ture prediction by using spatially explicit data to explain the
variation across heterogeneous river networks (Peterson and
Ver Hoef 2010). These types of fish population, habitat, and
climate monitoring data and spatially explicit forecasting tools
are needed to help direct conservation actions (e.g., stream res-
toration and habitat protection) at the local (i.e., stream reach)
and watershed scales to improve population resiliency and
adaptive capacity in the face of climate warming. Such data
could be formally included in future updates of this
assessment.

The conservation of Redband Trout will require protecting
evolutionary processes, adaptive potential, and ecological var-
iation within major evolutionary units. However, the taxo-
nomic nomenclature and phylogenetic divisions currently
remain unresolved among inland groups of Redband Trout.
Phylogenetics offers a promising approach to resolve discrep-
ancies because it combines processes influencing the geo-
graphic distributions of species with their genealogical
lineages to identify evolutionarily significant groups (e.g.,
Currens et al. 2007). Specifically, this approach combines pat-
terns of genetic variation with measures of adaptive signifi-
cance and ecological uniqueness to maintain adaptive
potential within species. Genetic variation can be assessed on
different timescales, from current family pedigrees and popu-
lation structure (determined from microsatellites or single-
nucleotide polymorphisms) to phylogenetic variation (deter-
mined from mtDNA) over thousands to millions of years, thus
reflecting both contemporary and evolutionary relationships.
Ecological distinctness involves consideration of unique adap-
tive traits, such as life history, ecological requirements, mor-
phology, and demographic characteristics. These types of
ecological and genetic data are needed to identify, prioritize,
and conserve major evolutionary units of Redband Trout to
ensure preservation of the evolutionary legacy and adaptive
potential of the species.

Our CPVI assessment integrates data on a number of varia-
bles from a variety of sources to help managers assess risk and
prioritize conservation actions across the range of Redband

Trout in the United States. Risk variables were classified with
constructed scales based on simple interpretations (e.g., threats
were classified as low, medium-low, medium-high, and high),
which were then converted to numerical scores. However,
ordinal numbers do not necessarily reflect how much one score
is better than another, and the ultimate conservation prioritiza-
tions may be influenced by the choice of metrics (Game et al.
2013). We recommend that future CPVI assessments attempt
to reduce these uncertainties by using empirical data to iden-
tify the most important variables influencing population per-
sistence and by estimating the values of variables on natural
scales wherever possible.

Conclusions

In this article, we provide baseline status and distribution
information that can be used to assess ongoing and future con-
servation management programs and to prioritize and plan for
the restoration and protection of interior Redband Trout across
the western United States. We recommend maintaining the
ICP assessment database (providing clear documentation for it
and utilizing consistent protocols) and periodically updating
these data to track changes in genetic status, the distribution
and abundance of Redband Trout, nonnative species, diseases,
anthropogenic impacts, habitat conditions, and the impacts of
climate change over time. This type of database and standard-
ized and systematic data collection efforts are needed to moni-
tor the status of Redband Trout over time. We are concerned
that the true genetic status of existing populations has not been
well quantified and that genetic introgression may be more
prevalent than documented here. Therefore, we recommend
collecting additional genetic information to better quantify the
hybridization status and geographic structuring of existing
populations. Additionally, we suggest estimating the distribu-
tions and abundances of Redband Trout populations using a
more rigorous spatial sampling design to reduce sampling
uncertainties. Understanding and predicting the vulnerability
of Redband Trout populations to future climate warming will
be critical to managing and preserving this species in a warm-
ing world.

Conservation management strategies that protect geneti-
cally pure populations and eliminate or reduce nonnative spe-
cies and hybridized populations will be necessary to maintain
the genetic integrity and ecological diversity of Redband
Trout. Maintaining natural connections and a diversity of
high-quality habitats over a large spatial scale will be crucial
to conserving the full expression of life history traits, genetic
diversity, and the processes influencing the dispersal and per-
sistence of Redband Trout populations. Protection of genetic
reserves and replication of genetically pure populations may
be necessary in cases in which populations are at high risk of
extirpation and to enable the refounding Redband Trout in
their historical habitats. Conservation strategies that provide
larger population sizes and a broader mosaic of larger habitat
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patches will be needed to maintain and restore the genetic and
ecological diversity of Redband Trout.
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